The fibroblast growth factor (FGF) and FGF receptor (FGFR) axis plays a critical role in tumorigenesis, but little is known of its influence in ovarian cancer. We sought to determine the association of genetic variants in the FGF pathway with risk, therapeutic response, and survival of patients with ovarian cancer.
Ovarian cancer is the leading cause of death from gynecologic cancers and the fifth most lethal malignancy in women in the US. An estimated 22 240 new cases and 14 030 deaths from ovarian cancer will occur in the US in 2013 (1 ) . The overall dismal 46% 5-year survival rate for ovarian cancer has remained unchanged for several decades (1 ) . The main reason for this poor outcome is the lack of success in diagnosing ovarian cancer at an early stage, owing to an absence of obvious symptoms, clinical indications, and effective screening tests. A majority of women are diagnosed with a high-grade invasive cancer that is difficult to treat. In contrast, women have a 90% to 95% probability of survival when their ovarian cancer is detected at an early stage (2 ) . The results obtained with current screening strategies to reduce mortality in women with ovarian cancerwhich use the serum biomarkers cancer antigen 125 (CA125) 5 and human epididymis protein 4 (HE4) along with the Risk of Ovarian Malignancy Algorithm and transvaginal ultrasonography-have not been encouraging (3 ) . Currently, these serum biomarkers (CA125 and HE4) are being used mainly to monitor chemotherapeutic response and to detect recurrence after therapy, but none of the current biochemical markers are sufficient to guide the prediction, screening, and prognosis of ovarian cancer (4, 5 ) . Therefore, the search for ovarian cancer biomarkers-in particular genetic markers-for risk assessment, monitoring of therapeutic response, and outcome prediction of ovarian carcinoma is of profound importance.
A number of common germline genetic alterations, including those identified via genomewide association studies, have been associated with ovarian cancers (6 -9 ) . Candidate-gene and pathway-based approaches have also successfully identified ovarian cancer-susceptibility loci and loci associated with clinical outcomes (10 ) . Our group previously demonstrated that nucleotideexcision repair polymorphisms are associated with recurrence and survival in ovarian cancer patients (11 ) . Transforming growth factor ␤ (TGF-␤) enhances ovarian tumor metastasis, and we recently demonstrated that genetic variants in the TGF-␤ signaling pathway are associated with variation in the risk of developing ovarian cancer (12 ) . In addition, we have identified several microRNA-related genetic polymorphisms that are associated with ovarian cancer risk and clinical outcomes (13 ) ; however, the full spectrum of the genetic loci contributing to ovarian cancer susceptibility and outcome remains to be revealed.
Ovarian cancer is a multifactorial and polygenic malignancy; therefore, any variation in a single gene will not be sufficient to provide comprehensive disease information. Fibroblast growth factors (FGFs) are a large family (24 members) of growth and differentiation factors. FGFs mediate their effects by binding to FGF receptors (FGFRs) on the cell surface. The signaling axis of FGFs and their receptors plays important roles in regulating cellular proliferation, migration, angiogenesis, wound repair, and differentiation (14 ) . The FGF-FGFR axis has been demonstrated to modulate tumor stroma and cancer progression (15 ) . On the other hand, FGF signaling may have tumorsuppressive functions in certain contexts (16 ) . Compelling evidence has shown that FGF signaling pathways are implicated in cancer progression by inducing mitogenesis, cell migration, and tumor angiogenesis (16, 17 ) . Therefore, aberrant FGF signaling can promote cancer development.
Several studies have demonstrated altered expression of genes encoding FGF receptors to be associated with ovarian cancer (18, 19 ) . Furthermore, serum FGF2 (fibroblast growth factor 2) concentrations are increased in patients with ovarian cancer (20, 21 ) , and amplification of FGF1 is correlated with poor survival in patients with advanced-stage serous ovarian cancer (22, 23 ) . Similarly, altered expression of genes encoding FGFs have been reported for other human cancers (24, 25 ) . This growing evidence for the role of FGF signaling in tumorigenesis has led to proposals for therapeutic strategies that target ovarian cancer via the FGF signaling pathway axis (14, 26, 27 ) The problem with developing such strategies, however, is that reports on the relationships between germline alterations in genes encoding FGFs or FGFRs and ovarian cancer are limited. Johnatty et al. investigated singlenucleotide polymorphisms (SNPs) in the FGF2 6 [fibroblast growth factor 2 (basic)] gene for ovarian cancer risk and observed no statistically significant associations (28 ); however, no studies have been conducted for other members of the FGF-FGFR axis or for associations with response to therapy or clinical outcome. Therefore, we investigated genetic variants within 24 FGF and FGFR genes for any associations with risk of ovarian cancer, therapeutic response to chemotherapy, and overall survival rate of patients with ovarian cancer.
Materials and Methods

STUDY DESIGN
We recruited 417 ovarian cancer cases newly diagnosed and histologically confirmed at The University of Texas MD Anderson Cancer Center between August 1991 to January 2009. There were no age, ethnicity, and clinical-stage restrictions on recruitment. In parallel, we recruited a group of healthy women (n ϭ 417) without prior history of cancer (except nonmelanoma skin cancer) from a large pool of individuals seeing a physician for routine health checkups or addressing health concerns at the Kelsey-Seybold Clinics, a large private multispecialty physician group in the Houston metropolitan area. Cases and controls were matched by age (Ϯ5 years) and ethnicity. To minimize population admixture, we included only Caucasian individuals in the current analysis (339 cases and 349 controls).
DATA COLLECTION
Epidemiology, demographic, clinical, and follow-up data were obtained from medical records. Overall survival was calculated from the date of diagnosis to the date of death or the end of patient follow-up. Response to platinum-based chemotherapy was defined as evidence of residual disease, as indicated by various clinical measures, such as positron emission tomography 6 Human genes: FGF2, fibroblast growth factor 2 (basic); FGF1, fibroblast growth factor 1 (acidic); FGF7, fibroblast growth factor 7; FGFR1, fibroblast growth factor receptor 1; FGF18, fibroblast growth factor 18; FGF23, fibroblast growth factor 23; FGF5, fibroblast growth factor 5; FGFR2, fibroblast growth factor receptor 2; FGFR4, fibroblast growth factor receptor 4; FGF14, fibroblast growth factor 14; FGF9, fibroblast growth factor 9; FGF10, fibroblast growth factor 10. For quality control, we randomly selected at least 2% to 3% of the samples for replicates. The concordance for all replicates was 100%. The call rate for all SNPs was 99.86%, and genotypes were autocalled with BeadStudio software (Illumina). All laboratory personnel were blinded to the case/control and outcome status of the study participants.
STATISTICAL ANALYSIS
The distributions of categorical variables and continuous variables between cases and controls were evaluated by Pearson 2 tests and Student t-tests, respectively. The 2 test was used to evaluate each SNP for the Hardy-Weinberg equilibrium in the population of control individuals; SNPs with P values Ͻ0.01 were removed from further analysis. Multivariate logistic regression analysis was performed to estimate odds ratios (ORs) and 95% CIs for each SNP's main effect while adjusting for age. The test with the highest level of statistical significance among the 3 genetic models of inheritance (dominant, recessive, and additive) was used to determine the statistical significance of each SNP. If the frequencies of the homozygous variant genotypes were Ͻ5% in the cases or controls, however, only the dominant model with the highest statistical power was considered. The effect of each SNP on survival was assessed with a multivariable Cox proportional hazards regression analysis adjusted for age, clinical stage, histology, and treatment regimen. We used Kaplan-Meier plots and log-rank tests to assess differences in overall survival for each SNP by genotype. For response to therapy, we carried out unconditional multivariate logistic regression analysis for each SNP while adjusting for age, clinical stage, histology, and treatment regimen. The cumulative effects of multiple unfavorable genotypes were evaluated for the SNPs that showed statistical significance in the main analysis (i.e., P Ͻ 0.05).
As an alternative to external validation, we performed bootstrap resampling to internally validate the results. For single-SNP analysis, we conducted bootstrap resampling of 1000 runs. In each run, we performed bootstrap resampling 50 times to calculate the bootstrap P value. We then counted the number of times bootstrap P values were Ͻ0.05. For classification and regression tree (CART) analysis, survival tree analysis, and unfavorable-genotype analysis, we reported the bias-corrected bootstrap confidence intervals on the basis of performing bootstrap resampling 10 000 times. We used STATA software (version 10; StataCorp) for the statistical analyses described above, and we used HelixTree software (Golden Helix) for CART analysis to explore higher-order gene-gene interactions and to classify the study participants into distinct risk groups. Survival tree analysis was conducted with the STREE program (http://c2s2.yale.edu/software/stree) to build a decision tree via the recursive-partitioning method. In brief, the root nodes contained all the patients, and we defined the measure for goodness of split with the log-rank P value to select the optimal initial split and subsequent splits of the data set until no statistically significant split was identified (29 ) . Owing to the small number of events for terminal node 1, we used terminal node 2 as the reference group to provide more-reliable estimates of the effect and the SE, thereby providing smaller 95% CIs. The terminal nodes were classified into low-risk, medium-risk, and high-risk groups according to their relative risk compared with terminal node 2 (30 ). All P values reported were the results of 2-sided tests. Multiple hypothesis testing was conducted with the "q-value" package in R by controlling the false-discovery rate to Ͻ10% (31 ).
eQTL ANALYSIS
To identify functional relevance in our findings, we checked for the potential functional effect of identified SNPs on gene expression by analyzing gene-SNP association in expression quantitative trait loci (eQTL) studies with the Genevar (GENe Expression VARiation) database (http://www.sanger.ac.uk/resources/ software/genevar/) (30 ) in the HapMap3 data set. All analyses were performed for the CEU population with MAF values Ն0.05.
Results
POPULATION CHARACTERISTICS
The characteristics of the study population have been described (13 ) . In brief, 417 case individuals and 417 control individuals were included in this study; 339 of the cases (81.3%) and 349 of the controls (83.7%) were for Caucasian individuals. The mean age of the case and control individuals was 60.73 and 60.30 years, respectively. The difference in age between the cases and the controls was not significant (P ϭ 0.554). To minimize the effects of treatment type on survival in clinical-outcome analyses, we focused the analysis on the Caucasian patients who had received surgery and platinum-based chemotherapy (n ϭ 319). For this group, 88% of the patients had a diagnosis of advanced-stage (stages III, IV) ovarian cancer. The majority (62%) of the tumors were of the serous subtype. The median survival time was 48.26 months (median age, 60.73 years; range, 26 -88 years). Slightly less than half of the patients (46%) had died by the end of the follow-up period, with 48% showing cancer recurrence and 33% not responding to treatment.
ASSOCIATION OF INDIVIDUAL SNPs WITH OVARIAN CANCER RISK
Of the 183 SNPs we analyzed from 24 genes encoding FGFs or FGFRs, 22 SNPs from 7 genes showed a significant association with ovarian cancer risk (i.e., P Ͻ 0.05, and q Ͻ 0.10; Table 1 ). The SNP with highest statistical significance was FGF1 [fibroblast growth factor 1 (acidic)] rs7727832. Individuals carrying at least 1 variant allele exhibited a 2.27-fold (95% CI, 1.31-fold to 3.95-fold; P ϭ 0.0035) increased risk of ovarian cancer, compared with individuals with the wild-type genotype. The association with this SNP remained significant in Ͼ1000 bootstrap resamplings, providing strong support for the validity of this result. Carriers of at least 1 variant allele for rs3809495 in the FGF7 (fibroblast growth factor 7) gene had the highest risk of ovarian cancer (OR, 2.99; 95% CI, 1.07-8.42; P ϭ 0.038). Approximately half of the significant associations were associated with increased risk, whereas the other half conferred a protective effect. The protective SNP with the highest statistical significance was rs2288696 in the FGFR1 (fibroblast growth factor receptor 1) gene. Under the dominant model, this locus was associated with a 30% reduction in risk (95% CI, 0.51-0.93; P ϭ 0.017); this association remained significant in Ͼ90% of the bootstrap resamplings. Because of the large number of variants in the FGF-FGFR axis that were significantly associated with ovarian cancer risk, we conducted a CART analysis to explore higher-order gene-gene interactions among these 22 significant SNPs. The final tree structure contained 5 terminal nodes with dramatically different risks for ovarian cancer (Fig. 1) . The first split on the decision tree was FGF1 rs7727832, indicating that this SNP was the primary risk factor for ovarian cancer in the study population. With individuals of terminal node 1 used as the reference, the ORs for the other 4 terminal nodes ranged from 1.80 to 6.33.
ASSOCIATION OF FGF AND FGFR SNPs WITH CHEMOTHERAPEUTIC RESPONSE
Four SNPs were significantly associated with treatment response after platinum-based chemotherapy and surgery (Table 2) . Interestingly, each of these loci was associated with a favorable response (a 35% to 56% reduction in risk of a poor response). These SNPs were FGF18 (fibroblast growth factor 18) rs3806929 (OR, 0.64; 95% CI, 0.44 -0.94), FGF7 rs9920722 (OR, 0.65; 
OVERALL SURVIVAL FOR FGF AND FGFR VARIANTS
Eleven SNPs from 7 genes were significantly associated with overall survival of ovarian cancer patients, with the results remaining highly significant in the bootstrap resampling (Table 3) . FGF23 SNP rs7961824 had the highest significance. This association remained significant after multiple comparisons (q ϭ 0.058) and was significant in 100% of the bootstraps. Individuals with at least one rs7961824 allele had a 45% reduction in risk of dying during the follow-up period (95% CI, 0.39 -0.78), compared with women with the wild-type genotype. This favorable prognosis dramatically improved the median survival time (by 20 months), from 38.0 months for patients with the wild-type genotype to 58.1 months for those with the variant allele.
The remaining variants were borderline significant after adjustment for multiple comparisons (q values, 0.19 -0.22), suggesting that they could have an effect on overall survival in the appropriate context. To assess this possibility, we performed a survival tree analysis for these 11 variants. The resulting tree structure comprised SNPs from 5 genes: FGF2, FGFR2 (fi- broblast growth factor receptor 2), FGFR4 (fibroblast growth factor receptor 4), FGF14 (fibroblast growth factor 14), and FGF23 ( Fig. 2A) . The first split on the survival tree was FGF2 rs167428, indicating that this SNP is the primary factor contributing to overall survival. When we used individuals of terminal node 2 as a reference, the ORs for the other 6 terminal nodes ranged from 0.21 to 2.21. Grouping these terminal nodes into 3 risk groups-low, medium, and highidentified dramatic differences in survival durations.
The median survival times for the patients in the lowrisk, medium-risk, and high-risk groups were 128.95, 53.06, and 25.16 months, respectively (P ϭ 8.21 ϫ 10 Ϫ7 , log-rank test; Fig. 2B ). Next, we determined the cumulative effects of multiple unfavorable genotypes on ovarian cancer survival. Compared with patients carrying Յ2 unfavorable genotypes (low risk), patients carrying 3-6 unfavorable genotypes (medium risk) and 7-10 unfavorable genotypes (high risk) exhibited a progressively increased risk of death, with HRs of 4.41 (95% CI, 1.97-9.87) and 7.86 (95% CI, 3.34 -18.52), respectively (P for trend ϭ 2.49 ϫ 10 Ϫ7 and 8 ϫ 10 Ϫ7 ). This increase in risk produced highly significant differences in the median survival time. Patients in the medium-risk and high-risk groups had survival times of only 49.44 and 26.64 months, respectively, compared with 99.24 months for those in the low-risk group (P ϭ 9.09 ϫ 10 Ϫ7 , log-rank test; Fig. 3 ).
SNP-GENE ASSOCIATION IN cis eQTL
To check for possible functional effects of our identified SNPs on gene expression, we investigated whether any of the significant variants showed eQTL with gene expression with the Genevar database tool. One SNP (FGF1 rs17099029) associated with survival was in cis eQTL with FGF1 expression (P ϭ 0.03; see Fig. 1 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/ vol60/issue1). Individuals carrying a genotype with the variant had decreased FGF1 expression compared with those with the wild-type homozygous genotype. Interestingly, this SNP was also in linkage with the FGF1 SNP rs7727832 (r 2 ϭ 0.5) that was highly associated with ovarian cancer risk.
Discussion
Ovarian cancer is one of the most lethal gynecologic malignancies (1 ) . The high mortality is often attributable to late diagnosis. Thus, considerable efforts have been made to identify high-risk populations to look not only for genetic markers associated with ovarian cancer risk that could improve early detection and screening approaches, but also for predictors of clinical outcomes. Several studies have been conducted to identify variants associated with ovarian cancer risk and clinical outcomes, but many of the findings of these studies are inconsistent (6 -10 ) . Because of the increasing knowledge regarding the role of the FGF-FGFR axis in tumorigenesis in general and ovarian cancer specifically, we performed a comprehensive analysis of genetic variation in this pathway with respect to its association with ovarian cancer risk and outcomes.
One of the most important findings is that multiple SNPs in the FGF-FGFR pathway are associated with increased risk of ovarian cancer. In particular, FGF1 rs7727832 showed the most significant association with ovarian cancer in the main-effect analysis, and this result was supported by the CART gene-gene interactions analysis. Also showing significant associations with ovarian cancer were variants in 6 other genes, including FGFR1, FGFR2, FGF7, FGF9 (fibroblast growth factor 9), FGF10 (fibroblast growth factor n, number of unfavorable genotypes; Total, total number of patients; Events, number of deaths during study period; MST, median survival time in months; *HR, hazard ratio adjusted for age, stage, histology, and treatment.
10), and FGF14. Studies have shown that FGF10 overexpression leads to epithelial hyperproliferation (32 ) and that the FGF10 -FGFR1 or FGF10 -FGFR2 signaling axis plays a potential role in oncogenic transformation (33 ) . Furthermore, evidence suggests that FGF1 overexpression may lead to increased angiogenesis and autocrine stimulation of cancer cells (23, 34 ) . Specifically for ovarian cancer, there is strong evidence that these specific ligands and receptors are important in ovarian cancer tumorigenesis. For example, FGF1 overexpression has been observed in ovarian cancer and been associated with clinical prognosis (23, 24 ) . Likewise, FGF7 is expressed in the majority of ovarian tumors and is detectable in malignant ovarian cancerassociated ascites (35 ) . Cole et al. showed that FGFR2 and FGF7 stimulate ovarian cancer proliferation (36 ) . An early study observed that the FGF2 and FGFR1 genes are highly expressed in human ovarian tumor endothelium (37 ) . FGFR2 has been suggested to be involved in ovarian cancer pathogenesis (18 ) . Indeed, increased FGFR2 levels have been found in ovarian cancer (36 ) . The interaction of FGF7 with FGFR2 ligands and with FGFR2-IIIb induces proliferation, motility, and protection from cell death in epithelial ovarian cancer cell lines (38 ) . Interestingly, approximately half of the significant associations observed were with a reduced risk of ovarian cancer, suggesting that FGF-FGFR signaling can exhibit tumor-suppressive functions in certain contexts (16 ) . We also identified that 4 SNPs (FGF18 rs3806929, FGF7 rs9920722, FGF23 rs12812339, and FGF5 rs3733336) were significantly associated with improved response to treatment. Experimental data have indicated that inhibition of FGFR along with the use of standard chemotherapeutic agents, including those used in ovarian cancer treatment, interacted synergistically to improve the therapeutic effect on endometrial cancer cells (39 ) . Even more intriguing is that Cole et al. showed that the inhibition of FGFR1 and FGFR2 increased cisplatin sensitivity in ovarian cancer (36 ) . Studies have demonstrated that FGFR4 is a potential therapeutic target and associated with a better therapeutic response, although we observed no association of variants within FGFR4 with any treatment response in our study (19, 20 ) . Nevertheless, our results support targeting of the FGF-FGFR signaling axis as a potential therapeutic opportunity in ovarian cancer. Such targeting may provide a future approach to stratifying the patient population to improve the response to these agents.
Another major finding is that 11 SNPs from 7 genes were significantly associated with overall survival in ovarian cancer patients. Of these SNPs, FGF23 rs7961824 showed the most significant association with survival. Survival tree analysis revealed FGF2, FGFR2, FGFR4, FGF14, and FGF23 gene-gene interactions, indicating FGF2 rs167428 to be the primary factor contributing to overall survival. Patients in the low-risk group carrying these alleles have much longer survival times (Ͼ40 months) than those in the medium-and high-risk groups. In addition, the highly significant dose-response effect evident for an increasing number of unfavorable genotypes provides support for the global effect of variation within these important signaling genes. Previous studies have indicated that FGF1 overexpression may lead to increased angiogenesis, leading to poorer overall patient survival (23 ) , and a recent study demonstrated that FGF1 expression adversely influenced survival in patients with ovarian tumors (24 ) .
Interestingly, we found that one of the FGF1 SNPs associated with ovarian cancer survival (rs17099029) demonstrated a significant eQTL with FGF1 expression (Genevar analysis) (40 ) . This SNP shows a degree of linkage with FGF1 rs7727832 (r 2 ϭ 0.5), the SNP with the highest risk, suggesting that changes in FGF1 expression may modify risk for both cancer susceptibility and outcome. rs17099029 is located in the 3Ј untranslated region of FGF1, thus hinting at a possible role in affecting gene expression. Taken together, the novel findings of these genetic variants associated with ovarian cancer survival suggest, in the context of established tumor biology, that they have potential for use as prognostic markers for ovarian cancer.
While recognizing the original and significant findings of this current study, we understand that our study has some limitations. It is a hospital-based case control study, and thus selection bias may be present. The effects of these variants observed for Caucasians may not be generalizable to populations of other ethnicities. In addition, the SNPs we genotyped in this study are primarily tagging SNPs and most likely are not the true causal or functional variants. Therefore, it is difficult to ascertain the underlying biological mechanisms for these significant associations. Additional functional characterizations are needed. Nevertheless, our genetics-driven study used a well-characterized patient population with detailed clinical, treatment, and follow-up information. Although internal validation was conducted with bootstrap methods to add a level of confidence to the findings, further independent or external validation is necessary to verify the findings in our study.
In conclusion, we have conducted the first comprehensive study to identify significant associations of genetic variants in the FGF-FGFR pathway with ovarian cancer risk, therapeutic response, and survival. The association of multiple SNPs in the FGF pathway could provide a molecular approach for the development of new ovarian cancer biomarkers for these key end points, and the use of such markers could have a major impact on the survival of patients with this devastating disease. Furthermore, these findings lend support to the development of the FGF-FGFR axis as potential therapeutic targets in ovarian cancer.
